The interaction between polymer brush and colloidal particles has been intensively studied in the last two decades. Here we consider a flat chain-grafted substrate immersed in a bath of active particles. Simulations show that an increase in the self-propelling force causes an increase in the number of particles that penetrate into the brush. Anomalously, the particle density inside the main body of the brush eventually becomes higher than that outside the brush at very large selfpropelling force. The grafted chains are further stretched due to the steric repulsion from the intruded particles. Upon the increase of the self-propelling force, distinct stretching behaviors of chains were observed for low and high grafting densities. Surprisingly, we found a weak descent of the end-to-end distance of chains for high grafting density and very large force which is reminiscent of the compression effect of a chain in the active bath.
Introduction
Polymer brush can be formed by a layer of polymers tethered with one end to a substrate.
Such structure is widely used to modify or improve the properties of a surface such as lubrication, 1-3 chemical affinity 4, 5 and biocompatibility. 6, 7 In colloidal suspensions, it has been used to tune the interactions between the colloidal particles and thereby control their assembly behavior. For example, densely grafted chains can generate effective steric repulsions between colloidal particles and thereby prevent flocculation; 8 grafted-chain-driven associations can direct the assembly of nanoparticles into colloidal polymers or networks. 9 In biosystems, the lipid tails in the membrane form a typical structure of brush; arrays of cilia are also of brush-like structure but of much larger size (micrometer) than the conventional molecular brush. 10, 11 Many efforts have been made to reveal and understand the equilibrium properties of polymer brush. [12] [13] [14] [15] [16] In good solvent and for the grafting density high above the overlap value, the excluded-volume interaction between monomers stretches the chains in the direction perpendicular to the surface. In contrast to the sub-linear scaling of the end-to-end distance e R with chain length N ( e R N ν ∝ with Flory exponent 0.588 ν ≈ ) for a free polymer in solution, 17 a linear scaling of brush height h with chain length N ( h N ∝ ) is predicted for polymer brush. 13 More scaling behaviors of polymer brush in conditions such as marginal solvents, Theta solvents, and poor solvents, are summarized in a recent review. 18 The typical density profile of a brush in good solvent consists of three distinct regimes: i) oscillation regime close to the surface (layering effect), ii) relative flat regime in the middle and iii) smooth decay regime at the top. The profile varies quantitatively with the effective monomer-monomer interaction, chain length and grafting density, etc.
The interplay between polymer brush and nanoparticles is an important aspect due to the applications in nanomaterials [19] [20] [21] [22] and the relevance to biotechnology such as protein adsorption, cell adhesion and drug encapsulation, etc. 6, [23] [24] [25] [26] [27] [28] Theoretical and simulation studies have shown that the solubility, the size and the shape of particles greatly influence their spatial organization on the brush. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] For example, for soluble spherical nanoparticles, there is an upper threshold size beyond which particles cannot penetrate into the brush and a lower threshold size below which particles can completely penetrate into the brush; and for the size in between particles can partly penetrate into the brush with a thickness proportional to the brush height and inversely proportional to the particle volume. 40, 43 Recently, there is an increasing interest in the behaviors of a chain immersed in a bath of active particles. [44] [45] [46] The passive motion of the chain in the active bath receives additional nonthermal fluctuation from the self-propelling motion of particles through collisions, which consequently leads to anomalous nonequilibrium static and dynamic properties of the chain. It was shown that, for a flexible chain, the conventional Flory scaling between e R and N is no longer hold when the chain length is not very large. 44 Instead, a nonuniversal behavior was found between e R and N under various activities. Detailed observation on the snapshots showed that different kinds of active motion of particles near the chain could compress or stretch it. Rigidity of a semiflexible chain could lead to more complex and richer phenomena in such nonequilibrium system. For example, the hairpin configurations were found to be metastable under certain strengths of bath activity. 
Here, we assume all the beads and active particles are of the same diameter, σ . ε is the interaction strength. The bonded interaction between successive beads is described by the finitely extensible non-linear elastic (FENE) potential, 48, 49
The chains are randomly grafted onto the substrate. The substrate is mimicked by a layer of hexagonally closely-packed spherical particles. The WCA repulsive potential induced by the substrate particles prevents the components in the system from passing through the substrate.
We use the Langevin dynamics to describe the Brownian motion of the chain beads, 
, where α and β denote components of Cartesian coordinates. D 0 is the translational diffusion constant of a single bead. The motion of the active particles follows the equations
where i r is the position of the ith active particle and (sin cos ,sin sin ,coŝ ) N N = . The number density of active particles in all of our simulations is sufficient small to avoid spontaneous phase separation. 50 We used LAMMPS software to perform our simulations. 51 Periodic boundary condition is adopted in the xy 
Results and Discussion
One concerned question for this system is how the structure of the brush is affected by the presence of active particles. The self-propelled motion of these particles induces additional nonequilibrium fluctuations to the grafted chains. Before we try to understand the behaviors of the brush, we need to know how the distribution of active particles changes with the self-propelling force. Fig. 3 shows the density profiles, ( ) p z ρ , of active particles for two grafting densities and various active forces. Clear peaks emerge near 0 z = indicating the formation of a high-density layer of particles near the substrate. The peak or the density of the layer of particles increases dramatically with increasing force. For both grafting densities, the curves of different forces intersects near the top of the brush (comparing Fig. 3 with Fig. 2(a) and (b) ). Apparently, the density profiles are naturally divided into two parts, i.e., roughly, the part to the left (right) of the intersection represents the particles inside (outside) the brush. As anticipated, the increase of active force on the particles effectively enhances their penetrability, and therefore, more and more particles enter the brush. A novel finding is that the particle density inside the main body of the brush (the flat part of the curve) becomes larger than that outside the brush when the active force is large ( densities increase rapidly with increasing active force. This is ascribed to the evident increase of the particle density inside the brush (see Fig. 3 and 4) , which stretch the blocks by the excludedvolume interaction. Situation is complicated at large active force, under which the curves of e R ⊥ for low and high grafting densities show distinct dependence on the active force. Look at the particle distributions inside the brush for forces above 20 in Fig. 3 Fig. 2(d) . A possible explanation for the ground block not stretching further when the particles become denser near the substrate is that the ground block for high grafting density is already stretched a lot at F above 20
and only very few beads close to the substrate are influenced by the enhanced excluded-volume interactions from the denser particle layer. The novel descent behavior of e R ⊥ 's is probably related to the phenomenon of conformational change of polymer chain in the bath of active particles. 44 Active particles move along the chain can stretch it but collisions perpendicular to the chain may cause the compression effect, i.e. the decrease of e R . Note that, in our 3D system, these stretching and compression effects of chains due to the active motion of particles should be weaker than in 2D system. But, they may be manifested in the case of dense 3D brush. For 0.4 r g = , the chains are highly stretched and the compression effect may dominates the interplay between the motion of active particles and the change of chain conformation. This compression effect is enhanced at large active force and accounts for the descent of e R ⊥ 's in Fig. 5 . To this end, we examined the density profiles of the brush and particles, the end-to-end distances of the grafted chains and three blocks, which are near the substrate, in the middle and at the top of the brush, respectively. We found the self-propelling force can facilitate the penetration of particles into the brush. The particle density in the bulk of the brush saturates at large active force and counterintuitively, becomes eventually larger than the particle density outside the brush. This anomalous particle density distribution may be ascribed to the lower active mobility of particles inside the brush. These inside particles stretch the grafted chains through the 
